DI LALVICR
This repert was prepared as an account of work sponsored by an agency of the United States

Ocvernmens

LA-UR- 93- 1736

Title: | Muon Spin Relaxation Studies of Heavy Fermion Superconductors

JL:'.'.. 04 :

Author(s): | R.H. Heffner

Submitted to: | As invited talk at the International Workshop on
Low Encrgy Muon Science (LEMS'93), 4-8 APRIL 1992,
Santa Fe, NM, and as LA Internal Report

hors expressed herein do not necessanly state or reflect thase of th

racy. completesess. or useiulness of any information. apparatus. product. or
U=zited Siates Gevernment or any ageacy thereol.

process Jiscicsed. or represents that its use would no! iafringe privately owned rights. Refer-
enge herein o any specific commercial product process. of service by trade name. trademark,

Neither the United States Government nor any agency thereof, nor any of their
or {avering by the LUnited States Government or any agency thereof. The views

srpli»oes. Takes an: warranty. express or implied. or assumes any legal liability or responsi-
manelactuier, or ctherwise does not necessarily constitute or imply its endorsemsnt. recown-

o P S -\

n;' “r
L , . v X [ \
— i - W

" 5]

) ]

£ [~}

ad 5 |2-

“ 3

e ‘J -3

o T

B ¢ ¥

i BN

Los Alamos

NATIONAL LABONATONY

Loy Al Hahional Laboeaor, e affiettivn o ot ogual opgustonty empledyscoopieatad by e Uivarealy of Cabtorosy lor e s Doguatonenst of | oaorgy
e conbue W SANN NG W Hy accaptans o of i atte de the pobiedier o ogondon, It e VS Casaamniont st oo eave tayalty o e ensa o
bl e enpronue o tho potle o oy ol e cantrdadon or lo alow ol o Qo an loe V0 Daoveeernool putpaoeaoss T e Alaomaos, Rahiooal | SMwaralory

B T LT T LT O Y Y TR Y TR I SN X PSRN P SO I BT Open, [


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


MUON SP™ RELAXATION STUDIES OF HEAVY FERMION
SUPERCONDUCTORS

Robert H. Heflnet, P-DO/P-10
Invited talk presented at the International Workshop on l.ow Energy Science (1.LEMS'93),
4-8 April, 1993, Santa Fe, NM. and to be published as Internal Report.
Submitted 30 April, 1993
LLA-UR-93-

This taik will focus recent developments in our understanding of heavy fermion
(HF) superconductors and the role that positive muon spin relaxation (11SR) studies have
played in helping to elucidate their properties. As illustrations two systems will be
discussed: (1) UPdaA[3, one of the most recently discovered HF superconductors, which
also Zisplays coexisting magnetic order and (2) UBc )3 doped with small quantitics of Th
substituted for U, which displays an interplay between its superconducting and magnetic
ground states, leading to multiple superconducting states.
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R H. Heffner
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Abstract

This talk will focus recent devclopments in our understanding of heavy fermion
(HF) superconductors and the role that positive muon spin relaxation (uSR) studies have
playcd in helping to clucidate their properties. As illustrations two systenis will be
discussed. (1) UPdAl3, one of ihc most recently discovered HF superconductors, which
also displays cocexisting magnetic order and (2) UBe) 3 doped with smal! quantities of
Th substituted for U, which displays an interplay between its superconducting and
magnetic ground states, lcading to multiple superconducting states.

L. Introduction

Heavy fermion behavior arises in regions of the periodic table where the atoms
possess f-electrons which are neither highly localized nor highly itinerant [1]. Typically
such behavior occurs in cerium-or uranium-based compounds possessing 4-f and 5-f
electrons, respectively. At high temperatures the f-electrons act like local moments with
close to the full f-shell moment (~3pg, for example), exhibiting Curie-like susceptibilities.
At low temperatures the f-moments are reduced to a fraction of their high-temperature
values through hybridization with the ligand conduction electrons. The f-electrons thus
take on an itinerant character and the conduction electrons become "heavy". This is
manifest through a narrow resonance at or near the Fermi level, producing a high density
of states at low temperatures. In addition, below a characteristic temperature the
resistivity drops, indicating the onset of coherent electron scattering, which also
characterizes the heavy fermion state. The exact mechanism by which these phenomena
occur in a lattice of f-atoms is not well understood, and constitutes one of the major
challenges of many-body physics in solids today.

The heavy electron ground state has been shown to exhibit paramagnetism,
magnetic order and/or superconductivity. The ordered moments are typically small, of
order 10-3 - 10-1 pp/f-atom. The large entropy collapse associated with the
superconducting state points to the f-electrons as the superconducting pairs - Frequently,
small-moment magnet order (also from the f-clectrons) coexists with the
superconductivity, each presumably occupying different parts of the Fermi surface

Heavy clection superconductors have drawn considerable attention
because their properties are distinctly different fiom conventional Type 11
BC superconductors like niobium, for example. In conventional



superconductors the superconducting gap exists over the entire Fermi
surface, and the electrons pair in a zero angular momentum, spin-singlet
state which is produced by the electron-phonon interaction. A non-
vanishing gap gives rise to exponential temperature dependences for all
measurements involving the thermal excitation of quasiparticles across the
gap: specific heat, magnetic-field penetration depth (A} and nuclear spin
lattice relaxation rate (1/T), as examples. However, measurements of these
quantities in heavy fermion superconductors all exhibit power-law
temperature dependences, usually considered as evidence for nodes in the
energy gap. Table I gives the expected power-laws for two different kinds
of nodal structures on a spherical Fermi surface, lines and points.

TABLE I

Polar Axial
Cp T2 T3
1T, T3 TS
12} T3 T2
17X T T4
Xspin T2 L&

Table].  Temperature dependence of specific heat ((‘,p), spin lattice relaxation rate
(17Ty), magnetic field pencetration depth (for vector potential parallel (A};) and

perpendicular (A ) to the order-parameter symmetry axis) and spin susceptibility (Xspin)
The polar and axial gap structures correspond to odd-parity states with an equatonal line
of nodes and two point nodes, respectively. An tsotropic gap produces more nearly
exponential temperature dependencies

Power-law temperature dependencies do not provide defimtive evidence for an
unconventional gap structure, however [2] (A conventional gap-less superconductor can
also exhibit power-law behavior, for example ) More decisive conclusions can only be
drawn from tests of the symmetry-breaking nature of the order parameter A(k) In

conventional superconductors A(k) obeys the symmetry of the Hamiltonian, which
includes rotational, reflection (patity) and time-reversal symmetsy - An unconventional
superconductor has acower symmetry inat least one of these respects - Experimental tests



of this property include a transition from one superconducting state to another,
observation of magnetism associated with the superconducting order parameter, or
anisotropy in the temperature dependence of the penetration depth or the critical fields

This paper concerns 1SR studies in two heavy fermion superconductors, UPdZAJ 3
and (U,Th)Be1 3 and will address some of the evidence for unconventional

superconductivity in these systems. The pSR experiments were carried out at the Paul
Scherrer Institute in Villigen, Switzerland, and involve a collaboration between Los

Alamos, ETH-PSI, Leiden University, U.C. Riverside, Darmstadt and Tohoku
Universities.

I1. UszAI3
This material has a superconducting transition temperature T_= 1.5 - 2.0K
(depending on sample quality) and an antiferromagnetic transition at GFN = 14K, with an

ordered moment ~ 0.85ug [3]. The magnetic structure consists of ferromagnetic sheets in
the basel plane coupled antiferromagnetically along the c-axis. The NMR 1/T; has a T3
temperature depenaence [4] below T,

Zero-field and transverse-field SR data on both single crystalline {5] and
polycrystalline [6] UPdpAlj are consistent with the positive muon occupying the (0,0,1/2)
site in the unii cell. The temperature dependence of the transverse-field uSR rate for
polycrystalline UPd,Alj is shown in Fig 1 between about 0.1 and 300K.
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Fig 1 The jiSR relaxation rate for UPdy Al in transverse applied field of 340 G o0 T -
TOK and 117 G for T 10K Q- exponential rate, [ - Gaussian rate (corrected Vo 1/ V2
to allow companison  From Ref 6



There is a rapid rise below Ty due to the AFM order and a further nse below T
due to the flux lattice formed in the superconducting state. This indicates a coexistence
of superconducting and magnetic f-electron states. The data below T was further
analyzed as a product of a Gaussian times an exponential function. The exponertial
relaxation rate accounts for the AFM ordering and was held constant for T < T;. The
Gaussian rate roughly describes the in homogeneous broadening from the flux lattice and
for an ordered triangular lattice is proportional to 1/A2. The temperature dependence of 1/
A% i< compared to several models of superconductivity in Fig 2. The M0) = 6250 + 1250
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Fig. 2. The temperature dependence of the inverse-square magnetic ficld penctration
depth in UPd2Aly compared to various models for the superconducting siaie. From Ref
0.

The data are consistent with a clean, weak-coupling BCS superconductor, i¢., no
nodes in the gap. This in turn is consistent with the upper critical ficld data, which show
no anisotropy and Pauli limiting at low temperatures, characteristic of spin-singlet pairing
On the other hand the 17T data do not show the exponential temperature dependence
expected for a node-less gap. Furthermone, the pSR-determined 1/A2 data are equally

well fit to a power-law temperature dependence (1/A2 o 12TV, v = 2.3 1 0 2), consistent
with a nodal structure in the gap - (At this writing, no single-crystal pSR data below T
are available, and so the nodal structure from A(T) cannot be specified ) 1t is possible that



all of the data could be consistent with a d-wave (1 = 2), spin-singlet pairing state,
however.

11 (U,Th)Bey3

This matenal has been studied for many years [7], but it is only recently that its
peculiar superconducting phase diagram may be qualitatively understood. Pure UBe;3 is
superconducting at T = 0.9K, but no AFM order has yet been established at any
temperature above 10 mK. Upon doping with Th the T for Uj_4Th,Be|3 becomes non-
monotonic, first decreasing as x increases, and then sharply increasing at x = 0.019. The
T passes through a maximum near x = 0.030, after wk.'ch T, monotonically decreases
again. In the region 0.019 <x <0.043, a second superconducting transition at T 9 is
observed in specific heat, accompanied by the onset of very small moment (10-3 - 10-2
Hp/U) magnetism, which has been well characterized by pSR and other techniques [8].
The phase diagram is shown in Fig. 3.
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Fig 3. Phase diagram for Uy _(ThyBepy The varous symbols represent different types
of measuremants, explained in Ref 8 The dotted line shows the approximate Th-
dependence of the resistivity maximum T«



An important question has been whether the magnetic correlations are intrinsic to
the superconducting state (thus violating time reversal invariance), or whether the
correlations are due to weak AFM order coexisting with a changed superconducting state.
Recent normal-state measurements [9] of the magnetoresistance and specific heat,
combined with previous measurements of the resistivity under pressure [10] have helped
to resolve this coniroversy and qualitatively explain the non-monotonic temperature
dependence of T in (U, Th)Be3.

The resistivity and specific heat of UBe{3 both show a maximum near Ty 5y =
2.2K which moves down with Th doping until it passes below T at x = 0.019, exactly
where T_ begins to increase again and where magnetic correlations are seen in pSR.
Application of pressure [10] to Uj_4Th,Be) 3 increases both Ty, and the resistivity p,
such that p/pmax scales with T/T, for many different pressures, indicating a new
energy scale given approximately by Trhax. This idea is qualitatively consistent with
theoretical models of the normal state behavior of heavy fermion systems which show that
a new energy scale emerges form the intersite exchange coupling between Kondo ions
[11]. Recently a systematic study [9] of resistivity and specific heat as a function of Th
concentration and magnetic field has strongly suggested that the feature at Tyypy 18
produced when the conduction electron are scattered by the correlated motion of the U
spins, so-called spin fluctuations. This spin-fluctuation temperature is reduced by
impurities such as Th, as is the superconducting temperature T¢. (See Fig. 3) When
Tmax < T¢ the magnetic fluctuations are "frozen-out,” so to speak, yielding weak
magnetic order. It is possible that the superconducting and magnetic order parameters are
coupled, causing an increase in T at x = 0.019. Another possible explanation for the non
monotonic behavior of T is that the pairbreaking etfects of the spin fluctuations are
reduced when Tax < T, thus driving up T¢. Therefore the complicated
superconducting phase diagram of (U, Th)Be |3 appears to arise from the interaction of the
superconducting f-electrons with the incipient magnetic correlations also present in the f-
electron system.
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